Motile cells of the green alga, Ulva fasciata respond to the quantity and quality of irradiance simultaneously. The specific responses of motile cell types (gametes and spores) by irradiance influence migration behavior in coastal water environment. Gametes maximally aggregated at the highest white light intensity (250 μmol•m −2 ·s −1 ), while spores maximally aggregated in the dark (0 μmol m −2 ·s −1 ) of this study. Gametes maximally aggregated in green irradiance over blue, red and dark while spore maximally aggregated in the dark. The results of quantity are spectral responses are likely to be underline the ecological success and physiological strategies in varied irradiance environments includes: 1) gametes respond to specific quantities and spectral irradiance; 2) spores respond negatively to quantity and quality of irradiance to enhance the probability of finding substratum; and 3) populations of adults that come from these motile cells behaviors. The specific quantities and spectral qualities of irradiance responses show specific ecological migration that can be attributed to photosynthesis under limiting irradiance in coastal waters for the motile cells of U. fasciata.
stimulate photoreceptors. Although irradiance sustains metabolism and photomorphogenesis, perhaps its first and most important role for transient swimming stages is as a cue for site selection for an optimal location for that motile cell to settle [26] [27] . If gametes do not find the opposite mating strain, the next generation is unlikely. Even though developmental events and ecological cues are important to the ecological strategies of particular motile cells, the identification of factors that insure ecological success for these cell types has been largely ignored.
A recent study of photosynthesis in these life history stages has changed the way we view the physiology of motile cells for weedy green algal species [28] [29] . These motile cells maintained high levels of chlorophylls specific the maximum rate of photosynthesis (Pmax) and respiration (R), as well as requiring substantial irradiance levels to compensate and to saturate photosynthesis (Ic and Ik respectively) when compared with measures for parental thalli. . Additionally, the ratio of Pmax to R for gametes and spores of U. fasciata are significantly different from those of parental thalli (Pmax: R; gametes = 1.44, spores = 1.58, adults = 4.78 to 5.53) because of high R rates. Net photosynthetic performance may be the most important ecophysiological factor relating to cell longevity in planktonic assemblages as these unicells lack york sacs or feeding mechanisms of invertebrate larvae. Cells that are able to respond to irradiance in this ecologically relevant and photosynthetically important range are more likely to be successful. The respiratory costs and photosynthetic benefits of motile during site selection have been clarified more clearly from the study of Beach et al. [30] , but still little is known of a cell's ability to respond to the quantity and spectral quality of irradiance, as a cue for proper location in an ecological setting.
The objective of this work is to extend earlier reports of phototaxis among motile cells of Ulva fasciata and even if examine mechanistic bases for abilities of motile cells to select irradiance as a character of a site appropriate for long term ecological success. The following questions are addressed: 1) Do cells respond to the intensity of ecologically relevant levels full spectrum irradiance? and 2) Do cells respond to spectral components of irradiance within ecological relevant levels of irradiance?
Material and Methods

Sampling and Estimates of Motile Cells
Thalli of Ulva fasciata Delile materials for this investigation were collected daily at Ka'alawai Beach (tide height of site approximately +0.2 feet) from the south coast of O'ahu Island in Hawai'i. Whole thalli of U. fasciata were collected randomly and transported to a laboratory in a plastic bag with seawater. All plant surfaces were cleaned several times with a soft brush in 0.2 μm filtered seawater. The material was blotted dry, separated, and individual plants were placed in dry Petri dishes under 50 μmol m −2
•s −1 of fluorescent lights at room temperature (19.5˚C). Twelve hours later the thalli were barely covered with filtered seawater (approximately 30 ml). This treatment led to the release of motile cells typically as a dense suspension of cells.
Motile Cells Density
Motile cells from initial suspensions were counted using a random field method [31] . Motile cell density in the sample was calculated using the following formula:
A is the area of field (0.04 mm 2 ), C is number of motile cells counted, D is depth of the field (1.0 mm), F is number of fields counted, V is volume of Sedgwick-Rafter (S-R) chamber (1000 mm 3 ) and Dil is dilution factor (0.98 for 2% formalin). Counting and the identification of motile cells were accomplished at 200× and 1000× magnification with phase contrast microscopy (Olympus model BH-2). One ml aliquots of spores were preserved with one ml of 4% buffered formalin in vials (4 ml) for the determination of cell density. One ml samples were removed from vials with a pipette and transferred to an S-R chamber and covered with a coverslip. Before proceeding with a count, each S-R chamber sat undisturbed for at least 2 h to permit cells to settle into one plane for easier observation and counting. After exposure to irradiance, aggregating gametes or spores were gently collected in 1 ml volumes from illumination portions of petri dish using a modified syringe with a 1.4 cm diameter opening. This modified syringe was held perpendicular to the fiber optic cable providing illumination. The total number of motile cells was counted to allow determination for the percentage of motile cell aggregating in experimental portions of the petri dish. Three replicates were run in each section of experiments, and two whole sets of experiments were run to repeat the entire test. All procedures and runs were conducted in near absolute darkness in a functional darkroom. Approximate speed of motile cells was calculated by based on measuring distance between illumination and central area of petri dish.
Experimental Design, Light Source and Radiation Measurement
Three circles, each with a diameter of 2 cm, were cut into the top of black wooden stage box (H:19 × W:21 × L:22 cm) (Figure 1 ). These three holes were each connected to a fiber optic light pipe (Dolan-Jenner Inc., Model BXS224, Length: 30 cm × 1.4 cm diameter), which was in turn connected to a white light (tungsten lamp) microscope illuminator (Cole Parmer, Model: 9741-50). Fiber optic light pipes were selected for their light-deli- ) released from healthy thalli of U. fasciata was gently introduced into a petri dish (V: 80 ml, H: 1.5 × 8.5 cm diameter) filled with 15 ml of filtered seawater through a plastic pipette that was vertically attached to the center of the petri dish cover. This technique placed the motile cells into a central area that was equidistant from each irradiance source. The circular area of illumination from the fiber optic cables for each irradiance treatment was 1.54 cm 2 . Irradiance levels delivered by the fiber optic light pipes were measured with a spherical quantum sensor (Biospherial Instruments QLS-1000) for all experimental combinations of filters and intensities.
Intensity Tests
Motile cells were simultaneously exposed to the three broad spectrum irradiance levels at near complete darkness, 50, 100, 250 μmol quanta m −2
•s −1 at room temperature for 20 min. Preliminary trials (data not shown) indicate that 20 minutes is adequate time for the cells to swim to all light sources but not to attach to petri dish surfaces.
Spectral Tests
Motile cells were simultaneously exposed to the three qualities of irradiance for 20 minutes each at low (50 μmol m ) irradiance intensities. Red, green, and blue plastic filters were each cut with a 1.7 cm diamcork borer and placed over one end of a fiber optic light pipe. The filters were scanned with a Vis-UV Diode array spectrophotometer (Hewlett Packard, 5428A). The irradiance ranges of 50, 100 and 250 μmol m −2
•s −1 were selected based on the known photosynthetic parameters of U. fasciata [28] .
Statistical Analyses
The subsequent statistical analyses were carried out using SAS, version 6.2. Normality was assessed with a ρ less than 0.05. When the data were normally distributed, comparisons quality and quantity of irradiance were made with the 1-way ANOVA (Duncan-Waller test) analysis. When the data were asymmetrical, the 1-way non-parametric analysis (Wilcox test) was used.
Results
Spectral Ranges Designed by Filters
The experimental spectral filters transmitted broad ranges of wavelengths, maxima for transmittance were 456, 518 and ≥710 nm for blue, green, and red filters, respectively. At 50% of maximal transmittance the width of blue 50, green 50, and red 50 spectral bands ranged from 398 to 524, 462 to 578 nm, and ≤660 to infra-red, respectively. The area of transmittance of blue 50 green 50 and red 50 filters range from 490 to 550 nm wavelength where in enhance the photosynthesis [28] 
Quantity of Irradiance-Gametes
The specific response of U. fasciata gametes to three levels of irradiance showed that gametes swim to brighter regions of the petri dishes. The response generally increased as irradiance level increased reaching a mean percentage ( Table 2 ) of gametes at the highest irradiance 250 μmol m −2
•s −1 ( Table 2 ). The Chi-Square revealed significant differences between all 4 irradiance conditions (DF = 3, CHISQ = 101.34, p > 0.01). This relationship was generally held linearly (Y = 4.09X + 0.68, r 2 = 0.81, p > 0.01). 
Quantity of Irradiance-Spores
The specific response of U. fasciata spores to three levels of irradiance showed that spores swim to dark regions of the petri dishes ( Table 2) . The response had a mean percentage of spores in the dark. This avoidance of irradiance did not differ significantly over the three levels of irradiance (50, 100 and 250 μmol m −2 •s −1 ) (DF = 3, CHISQ = 77.53, p > 0.01) ( Table 2 ).
Spectral Quality of Irradiance-Gametes
The specific response of U. fasciata gametes to spectral irradiance less than Ic (50 μmol m −2
•s −1 ) showed that the greatest percentage of gametes swam to the green irradiance region, with the mean percentage of gametes reaching 32.07% (Table 3) . Blue irradiance was also selected by gametes over dark and red irradiance treatments ( Table 3) . The three groupings for mean values were statistically distinct (DF = 3, CHISQ = 100.92, p > 0.01).
The specific response of U. fasciata gametes to a medium spectral irradiance (Ic ≤ 100 μmol•cm −2
•s −1 < Ik) showed that the greatest percentage of gametes swam to the green irradiance region, with mean percentage of gametes reaching 23.26% (Table 3) . Dark and red irradiance again were not preferred by gametes ( Table 3) . The three groupings for mean values were statistically distinct (DF = 3, ISQ = 78.75, p > 0.01).
The specific response of U. fasciata gametes to a high spectral irradiance (250 μmol•cm −2
•s −1 ≈ Ik) showed the greatest percentage of gametes swam to the green irradiance region with the mean percentage of gametes reaching 22.18% (Table 3) . Fewer gametes swam to the blue irradiance region than to green light. However, gametes were attracted to green irradiance compared to the other treatments ( Table 3) . The three groupings for mean values were statistically distinct (DF = 3, CHISQ = 98.82, p > 0.01).
Spectral Quality of Irradiance-Spores
The specific response of U. fasciata spores to spectral irradiance intensity less than Ic (50 μmol•cm −2 •s −1 ≈ Ic) resulted in the greatest percentage of spores swam to the dark region (Table 3) . Red, green and blue spectral irradiance were not preferred ( Table 3 ). The two groupings for mean values were statistically distinct (DF = 3, •s −1 < Ik) showed in the greatest percentage of spores again swam to the dark region, with the mean percentage of spores reaching 7.39% (Table 3) ) showed the maximal number of spores swarm toward the dark region with the mean number of spore reaching 6.24% ( Table 3 ). The two groupings for mean values were statistically distinct (DF = 3, CHISQ = 66.92, p > 0.01).
Discussion
In a dynamic coastal environment, motile cells of Ulva fasciata simultaneously perceive different qualities and quantities of irradiance. These experiments worked to separate the potentially distinct roles of irradiance within ecologically and physiologically relevant ranges. Gametes and spores clearly have very distinct ecological strategies: gametes preferred the highest irradiance intensity (250 μmol•m −2 •s −1 ) while spores preferred darkness. Gametes preferred broad-band blue-green irradiance while spores preferred darkness. These results have ecological implications for these life cycle stages. Gametes are likely to enhance the likelihood of gamete encounter and localized movements by swimming to subsurface irradiance levels of coastal environment. Spores are likely to enhance the probability of finding substratum by avoiding irradiance cues of any kind.
Surface waters where cells are exposed to broadband white light; however, as the spectral irradiance narrows with depth, and weighted with proportionally more blue-green light in green algae habitats. Irradiance entering into the marine environment changes not only in quantity, but also in quality. Natural irradiance, even in deep water, is broad-banded (≥10 nm). The spectral composition of down welling flux changes progressively with increasing depth and turbidity because irradiance is differentially absorbed strongly and quickly. In order to select appropriate ecological positions, motile cells of Ulva fasciata rely on spectral intensity, but in surprisingly different ways for cells types (gametes and spores) that have similar pigment composition and metabolic rates for photosynthesis and respiration [28] . It is well known that to survive in marine environments, adult plants are harvest to broad spectral irradiance and possess photoacclimation mechanisms to adjust to light fluctuations [5] . The observed spectrally-neutral sporebehavioris somewhat counter-intuitive, and as such must lead to rapid settlement immediately upon release during the day. This rapid settlement response potentially limits dispersal of that cell type from the parent diploid thallus. The results of this behavior to irradiance have specific ecological implications for motile cells of U. fasciata. Ecologically, an egative-irradiance migration of the spore is thought to help the spore reach a suitable substrate more quickly, while the positive-irradiance migration of the gamete increases the probability of encountering appropriate opposite-gamete strains and potentially influencing dis-persal distances for resulting zygotes. The swimming speeds of motile algal cells (e.g. U. fasciata ≈ 6.75 cm•hr −1 ) may be slow in comparison to the water currents in the sea [32] [33] but they are substantial compared with other plankton (e.g. diatoms) and are likely to be important for localized movements such as gamete encounters or site selection prior to settlement. This ability to swim probably accounts for the high respiration rates measured by Beach et al. [28] and the early settled spores sustain a 37% reduction in R declines. It is curious to consider that spores swim away from the irradiance that indirectly powers their swimming. These features differential behavior of gametes and spores underscores differences between algal planktonic cells and invertebrates. These distinctly different behaviors are likely to add to the success and dominance of this species with an isomorphic alternation of generations by providing 2 dispersal window's to span a wide range of marine environments.
Both types of motile cells for Ulva fasciata showed efficient photosynthesis [28] with enhanced light harvesting over wavelengths from 475 to 495 nm via absorbance by lutein and β-carotene [34] . The behavior by U. fasciata gametes favoring increasing irradiance of white light, as well as different spectral regions is strong evidence for light-harvesting by motile cells. The greatest response detected by these cells was for the most severely limiting intensity (<Ic) and for those spectral components those cells effectively absorb for light-harvesting. The most effective light quality was broad band blue-green irradiance, followed by blue irradiance at high irradiance level.
For gametes syngamy and long range dispersal are important and, for spores, rapid settlement is most important by how rapidly they settle. Spores of Enteromorpha flexuosa have about two-fold higher rates of respiration than those observed for any cell type of the Ulva fasciata life-history or of the adult thallus for E. flexuosa [29] . If there are links between metabolic levels and behavior, one might expect that spores of E. flexuosa can swim faster and settle more quickly than those of U. fasciata. The highest Ic values of the Beach et al. study [29] came for spores of E. flexuosa, strongly suggesting that the more quickly those cells can settle, the more rapidly they can benefit from a reduced rate of respiration as was observed for settled spores of U. fasciata.
Photosynthetic performance is obviously an important factor potentially extending the length of the planktonic stage. The exact duration of spore or gamete viability in the planktonic stage is not known. All of the behaviors reported here suggest that photosynthetic behavior of motile cell rather than the particular photoreceptors respond to irradiance: spores were spectrally-neutral in their responses overall; gametes responded to increasing quantity (rather than low irradiance-typical photoreceptor react to low irradiance), and spectral signatures at all irradiances for which no known photoreceptors exist.
In summary, motile cells of Ulva fasciata were responsive to specific quantities and spectral qualities of irradiance, observations that are likely to be very important to ecological success and physiological strategies in varied dynamic irradiance environments. In this study several important insights were gained: 1) gametes respond to quantities and qualities of irradiance in such as way as to enhance the likelihood of gamete encounter and localized movements; 2) spores respond negatively to quantity and quality of irradiance in such a way as to enhance the probability of finding substratum; and 3) populations of haploid adults that come from these spore behaviors are likely to be patches of meiotically related adult in their genetic makeup because spores do not enter the plankton pool of settlers. Populations of diploid adults that come from gamete behaviors are likely to be more broadly dispersed and random in their genetic structure. These observations are likely to be very important for the ecological success of this species in the varied dynamic irradiance environments where it is found.
The levels of irradiance needed to saturate a species shows some correlation with habitat: intertidal species require 400 to 600 μmol•cm −2 •s •s −1 [35] .
